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Vertical surfaceAbstract An analytical solution of MHD free convective, dissipative boundary layer ﬂow past a
vertical porous surface in the presence of thermal radiation, chemical reaction and constant suction,
under the inﬂuence of uniform magnetic ﬁeld which is applied normal to the surface is studied. The
governing equations are solved analytically using a regular perturbation technique. The expressions
for velocity, temperature and concentration ﬁelds are obtained. With the aid of these, the expres-
sions for the coefﬁcient of skin friction, the rate of heat transfer in the form of Nusselt number
and the rate of mass transfer in the form of Sherwood number are derived. Finally the effects of
various physical parameters of the ﬂow quantities are studied with the help of graphs and tables.
It is observed that the velocity and concentration increase during a generative reaction and decrease
in a destructive reaction. The same observed to be true for the behavior of the ﬂuid temperature.
The presence of magnetic ﬁeld and radiation diminishes the velocity and also the temperature.
 2014 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.1. Introduction
In nature, there exist ﬂows which are caused not only by the
temperature differences but also by concentration differences
as a result the rate of heat transfer takes place. Many transport
processes that exist in industry in which the simultaneous
occurrence of heat and mass transfer that takes place, as a
result of combined buoyancy effect of thermal diffusion and
diffusion thermo chemical species. This phenomenon fre-
quently exists in chemically processed industries such as food
Nomenclature
C nondimensional ﬂuid concentration
C* concentration
C1 ﬂuid concentration far away from the wall
cp speciﬁc heat at a constant pressure
D mass diffusivity
E Eckert number
ebk Planck function
F radiation parameter
Gm mass Grashof number
Gr thermal Grashof number
g gravitation due to acceleration
k nondimensional permeability coefﬁcient
of a porous medium
k0 nondimensional rate of chemical reaction
kc rate of chemical reaction
kp permeability of porous medium
Kkw absorption coefﬁcient
M magnetic parameter
Nu Nusselt number
Pr Prandtl number
qr radiative ﬂux
Sc Schmidt number
T1 ﬂuid temperature for away from the wall
T* temperature
u*, v* velocity components
u nondimensional velocity
v0 suction velocity
Greek symbols
j thermal conductivity
m kinematic viscosity
r electrical conductivity
l dynamic viscosity
bT coefﬁcient of volume expansion
bc coefﬁcient of volume expansion with concentra-
tion
q ﬂuid density
s non-dimensional skin friction
h nondimensional temperature
Subscripts and super scripts
W wall
1 for away from the wall
Prime denotes differentiation with respect to y
1362 M.C. Raju et al.processing and polymer production (see Cussler [1]). Free con-
vective ﬂows in different geometries are of great interest in a
number of industrial applications such as geothermal systems,
ﬁber and granular insulation. Besides that convective ﬂow
through porous medium has applications in geothermal energy
recovery, thermal energy storage, oil extraction, and ﬂow
through ﬁltering devices. Nowadays magetohydrodynamics is
very much attracting the attention of the many authors due
to its applications in geophysics and engineering. Raju and
Varma [2], Magyari et al. [3], Ravikumar et al. [4], Chamkha
[5], Makinde and Mhone [6], Hayat et al. [7], etc. are the few
to make a mention who contributed in this area. When high
temperatures attained in some engineering devices, such as,
gas, can be ionized and so becomes a good electrical conduc-
tor. The ionized gas or plasma interacts with the magnetic
and alters heat transfer and friction characteristic. Since, some
ﬂuids can also emit and absorb thermal radiation, therefore it
is of interest to study the effect of magnetic ﬁeld on the temper-
ature distribution and heat transfer when the ﬂuid is not only
an electrical conductor but also capable of emitting and
absorbing thermal radiation. This is of so interest because heat
transfer by thermal radiation is becoming of greater impor-
tance when we are concerned with space applications and
higher operating temperatures. Soundalgekar and Takhar [8],
studied the effect of radiation on the natural convection ﬂow
of a gas past a semi-inﬁnite plate using the Cogley–Vincen-
tine–Gilles equilibrium model. For the same gas Takhar
et al. [9] considered the radiation effect on the MHD free con-
vection ﬂow past a semi-inﬁnite vertical plate. Later, Hossain
et al. [10] studied the effect of radiation on free convection
from a porous vertical plate. Muthucumarswamy and Kumar
[11] studied the thermal radiation effects on moving inﬁnite ver-tical plate in the presence of variable temperature. Mazumdar
and Deka [12] studied MHD ﬂow past an impulsively started
inﬁnite vertical plate in presence of thermal radiation. Radia-
tion and mass transfer effects on a free convection ﬂow
through a porous medium bounded by a vertical surface were
considered by Raju et al. [13]. SatyaNarayana et al. [30] stud-
ied the effects of Hall current and radiation absorption on
MHD micropolar ﬂuid in a rotating system.
The growing need for chemical reactions in chemical and
hydrometallurgical industries requires the study of heat and
mass transfer in the presence chemical reaction. The presence
of a foreign mass in a ﬂuid causes some kind of chemical reac-
tion. This can be presented either by itself or as mixtures with a
ﬂuid. In many chemical engineering practices, a chemical reac-
tion occurs between a foreign mass and the ﬂuid in which the
plate is moving. These processes take place in several industrial
applications, such as, polymer production, manufacturing of
ceramics or glassware and food processing. A chemical reac-
tion can be classiﬁed as either a homogenous or heterogeneous
process that depends on whether it occurs on an interface or a
single phase volume reaction. The effect of chemical reaction
on heat and mass transfer in a laminar boundary layer ﬂow
has been studied under different conditions by several authors
[14–22]. The effect of a chemical reaction on a moving
isothermal vertical surface with suction has been studied by
Muthucumarswamy [23]. Recently, Manivannan et al. [24]
investigated radiation and chemical reaction effects on isother-
mal vertical oscillating plate with variable mass diffusion.
Effect of chemical reaction and radiation on unsteady MHD
free convection ﬂow and mass transfer through viscous incom-
pressible ﬂuid past a heated vertical plate immersed in porous
medium in the presence of heat source was investigated by
Radiation and chemical reaction effects on MHD free convective ﬂow 1363Sharma et al. [25]. Mahapatra et al. [26] studied the effects of
chemical reaction on free convection ﬂow through a porous
medium bounded by a vertical surface. Motivated by the
above cited work, here we have made an attempt to study
the heat and mass transfer effects on a steady ﬂow of viscous
ﬂuid through a porous medium bounded by a porous surface
subjected to suction with a constant viscosity in the pres-
ence of radiation and homogenous chemical reaction of
ﬁrst order, which is an extension to the work of Mahapatra
et al. [26].
2. Mathematical model
We consider a viscous, incompressible, electrically conducting
and radiating ﬂuid through a porous medium occupying a
semi-inﬁnite region of the space bounded by a vertical inﬁnite
surface. The x* axis is taken along the surface in an upward
direction and the y* axis is normal to it. A uniform magnetic
ﬁeld B0 is assumed to be applied in a direction perpendicular
to the surface. The properties of a ﬂuid are assumed to be con-
stant except for the density in the body force term. In addition
a chemically reactive species is assumed to be emitted from the
vertical surface into a hydrodynamic ﬂow ﬁeld. It diffuses into
the ﬂuid, where it under goes a homogenous chemical reaction.
The reaction is assumed to take place entirely in the stream.
Then the fully developed ﬂow under the above assumptions
through a highly porous medium is governed by the following
set of equations:
@v
@y
¼ 0 ð1Þ
@u
@y
¼ # @
2u
@y2
þ gbTðT  T1Þ þ gbcðC  C1Þ 
rB20
q
u  #u

kp
ð2Þ
@T
@y
¼ j
qcp
@2T
@y2
þ #
cp
@u
@y
 2
 1
qcp
@qr
@y
ð3Þ
@C
@y
¼ D @
2C
@y2
 kcC ð4Þ
It is assumed that the level of species concentration is very
low; hence the heat generated due to chemical reaction is
neglected. The relevant boundary conditions are given as
follows
u ¼ 0;T ¼ Tw;C ¼ Cw at y ¼ 0
u ! 0;T ! T1;C ! C1 as y ! 1
ð5Þ
Eq: ð1Þ gives that v ¼ constant ¼ v0 ð6Þ
In the optically thick limit, the ﬂuid does not absorb its own
emitted radiation in which there is no self-absorption, but it
does absorb radiation emitted by the boundaries. Cogley
et al. [27] showed that in the optically thick limit for a non-gray
gas near equilibrium as given below.
@qr
@y
¼ 4ðT  T1Þ
Z 1
0
Kkw
debk
dT
 
w
dk ¼ 4I1ðT  T1Þ ð7Þ
On introducing the following nondimensional quantities,u ¼ u

v0
; y ¼ v0y

#
; h ¼ T
  T1
Tw  T1
; C ¼ C
  C1
Cw  C1
;
Pr ¼ lcp
j
; Sc ¼ #
D
; M ¼ rB
2
0#
qv20
; Gr ¼ #gbTðTw  T

1Þ
v30
;
Gm ¼ #gbcðCw  C

1Þ
v30
; E ¼ v
2
0
cpðTw  T1Þ
; k ¼ v
2
0kp
#2
;
k0 ¼ #kc
v20
; F ¼ 4I1#
jv20
ð8Þ
The non-dimensional form of the governing Eqs. (2)–(4)
reduce to
u00 þ u0 ¼ Grh GmCþM1u ð9Þ
h00 þ Prh0 ¼ PrEu02 þ Fh ð10Þ
C00 þ ScC0 ¼ k0ScC ð11Þ
where M1 =M+ 1/k.
The corresponding boundary conditions are given by
u ¼ 0; h ¼ 1; C ¼ 1 at y ¼ 0 and u! 0;
h ! 0; C! 0 as y!1 ð12Þ3. Solution of the problem
In order to solve the coupled nonlinear system of Eqs. (9)–(11)
with the boundary conditions (12), the following simple pertur-
bation is used. The governing Eqs. (9)–(11) are expanded in
powers of Eckert number E (<<1).
u ¼ u0 þ Eu1 þOðE2Þ
h ¼ h0 þ Eh1 þOðE2Þ
C ¼ C0 þ EC1 þOðE2Þ
ð13Þ
Substituting Eq. (13) into Eqs. (9)–(11) and equating the
coefﬁcients at the terms with the same powers of E, and
neglecting the terms of higher order, the following equations
are obtained.
Zero order terms:
u000 þ u00 ¼ Grh0  GmC0 þM1u0 ð14Þ
h000 þ Prh00  Fh0 ¼ 0 ð15Þ
C000 þ ScC00 ¼ k0ScC0 ð16Þ
First order terms:
u001 þ u01 ¼ Grh1  GmC1 þM1u1 ð17Þ
h001 þ Prh01  Fh1 ¼ Pru=20 ð18Þ
C001 þ ScC01 ¼ k0ScC1 ð19Þ
The corresponding boundary conditions are
u0 ¼ 0; u1 ¼ 0; h0 ¼ 1; h1 ¼ 0; C0 ¼ 1;
C1 ¼ 0 at y ¼ 0
u0 ! 0; u1 ! 0; h0 ! 0; h1 ! 0; C0 ! 0;
C1 ! 0 as y!1
ð20Þ
Figure 2 Velocity proﬁles for different values of k.
1364 M.C. Raju et al.Solving Eqs. (14)–(19) under the boundary conditions (20),
the following solutions are obtained.
C0 ¼ C1 ¼ expðk1yÞ ð21Þ
h0 ¼ expðk2yÞ ð22Þ
u0 ¼ ðk3  k4Þ expðl1yÞ þ k3 expðk2yÞ þ k4 expðk1yÞ
ð23Þ
h1 ¼ k11 expð2k2yÞ þ k12 expð2k1yÞ þ k13 expð2l1yÞ
þ k14 expðl2yÞ þ k15 expðl3yÞ þ k16 expðl4yÞ
 k17 expðl6yÞ ð24Þ
u1 ¼ k18 expð2k2yÞ þ k19 expð2k1yÞ þ k20 expð2l1yÞ
þ k21 expðl2yÞ þ k22 expðl3yÞ þ k23 expðl4yÞ
 k24 expðl6yÞ þ k14 expðl2yÞ þ k15 expðl3yÞ
þ k16 expðl4yÞ  k17 expðl6yÞ ð25Þ
4. Results and discussion
In order to point out the effects of various parameters on ﬂow
characteristic, the following discussion is set out. The values of
Prandtl number are chosen Pr= 7 (water) and Pr= 0.71
(air). The value of the Schmidt number is chosen to represent
the presence of species by hydrogen (0.22). Velocity proﬁles are
presented in Figs. 1–4. Fig. 1 depicts the velocity proﬁles for
different values of chemical reaction parameter k0. A genera-
tive reaction (k0 < 0) increases the ﬂuid ﬂow velocity, whereas
a destructive reaction (k0 > 0) reduces it. In the case of water
its magnitude is less than that of air. Fig. 2 depicts the velocity
proﬁles for various values of k. From this ﬁgure it is observed
that ﬂuid velocity increases as k increases and reaches its max-
imum over a very short distance from the plate and then grad-
ually reaches to zero for both water and air. Physically, an
increase in the permeability of porous medium leads the rise
in the ﬂow of ﬂuid through it. When the holes of the porous
medium become large, the resistance of the medium may be
neglected. The similar result is seen by Ravikumar et al. [22]Figure 1 Velocity proﬁles for different values of k0.and Raju et al. [28]. In their study Mishra et al. [32] showed that,
the free convection current due to thermal buoyancy, mass
buoyancy and porosity of the medium enhances the ﬂuid veloc-
ity. Gireesh Kumar and Satyanarayana [31] observed that the
velocity proﬁle increases with increase of thermal Grashof num-
ber (Gr) and Solutal Grashof number (Gm) and they have also
observed that the velocity decreases with increase in magnetic
parameter. Hence our observation in respect of these parameters
agrees with [31,32] in the absence of radiation and chemical reac-
tion. Thus, the above result indicates that heavier species with
lower thermal conductivity reduces the ﬂuid ﬂow.
Velocity proﬁles for different values of radiation parameter
are presented in Fig. 3. It is noticed that velocity decreases with
an increase in radiation parameter. Manivannan et al. [24] also
concluded the same result. Fig. 4 shows the effect of magnetic
parameter M on the velocity. From this ﬁgure it is observed
that velocity decreases, in both the cases of air and water, as
the value of M is increased. This is due to the application of
a magnetic ﬁeld to an electrically conducting ﬂuid produces
a dragline force which causes reduction in the ﬂuid velocity
(see Raju et al. [21,28]). Temperature proﬁles are displayed
through Figs. 5 and 6. In Fig. 5, the effect of magnetic param-
eter M in the case of water and air is observed on the temper-
ature, it is known that temperature decreases with the increase
inM, but in the case of water the magnitude of the decrease of
temperature is very low. From Fig. 6 it is clear that tempera-
ture decreases with the increase in radiation parameter F. A
similar result is shown by Raju et al. [13]. Fig. 7 depicts the
concentration proﬁles for different values of k0, from which
it is noticed that concentration decreases with an increase in
chemical reaction parameter. This is due to the chemical reac-
tion mass diffuses from higher concentration levels to lower
concentration levels. Sivaraj and Rushi Kumar [29] and Muth-
ucumarswamy and Ganesan [15], also observed the similar
result.
The rate of heat transfer in terms of the Nusselt number is
given by
Nu ¼  @h
@y
 
y¼0
¼ k2 þ Eð2k2k11 þ 2k1k12 þ 2l1k13
þ l2k14 þ l3k15 þ l4k16  l6k17Þ ð26Þ
The non-dimensional skin friction at the surface is given by
0 1 2 3 4 5 6 7 8 9 10
0
0.2
0.4
0.6
0.8
1
1.2
y
u
F = 0.5, 1.0, 1.5, 2.0 
M=2, Ko=1, Gr=5, 
Gm=5, Sc=0.22, 
Pr=0.71 
Figure 3 Velocity proﬁles for different values of F.
Figure 4 Velocity proﬁles for different values of M.
Figure 5 Temperature proﬁles for different values of M.
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Figure 6 Temperature proﬁles for different values of F.
Figure 7 Concentration proﬁles for different values of k0.
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Figure 8 Effects of Gr and Gm on Skin friction.
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@y
 
y¼0
¼ ½l1ðk3 þ k4Þ  k2k3  k1k4
þ E½2k2k18  2k1k19  2l1k20  l2k21  l3k22  l4k23
 l6k24  k1k25 þ l7k26
ð27Þ
Another important physical quantity of interest is the
Sherwood number which is in non-dimensional form is given by0 1 2 3 4
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τ
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Figure 10 Effect of permeabilit
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Figure 9 Effects of Chemical reacSh ¼  @C
@y
 
y¼0
¼ k1ð1þ EÞ ð28Þ
The effects of Gr and Gm on Skin friction coefﬁcient are
presented through Fig. 8. This ﬁgure witnesses that an increase
in Gr and as well as Gm increases the Skin friction. This is due
to the fact that the presence of drag force is inﬂuenced by the
buoyancy force. The presence of chemical reaction parameter
reduces the Skin friction, and this can be observed from
Fig. 9, whereas the presence of the permeability parameter
increases the Skin friction (see Fig. 10). A variation in the heat
transfer rate expressed in terms of the Nusselt number is
shown in Fig. 11, from this ﬁgure it is observed that Nu
increases with the increase in radiation parameter F. Similarly
a variation in the Sherwood number is shown in Figs. 12 and
13, it is observed that Sherwood number (Sh) increases with an
increase in Schmidt number and chemical reaction parameter.
Comparison of the results: In order to assess the accuracy of
our method, we have compared our results with accepted data
sets for the velocity distribution for a case of MHD free con-
victive, dissipative boundary layer ﬂow past a porous vertical
surface, corresponding to the case computed by Mahapatra
et al. [26], in the absence of magnetic ﬁeld and the absence
of thermal radiation by taking different values for Schmidt5 6 7 8 9 10
Pr=0.71,
Ko=-0.04
Sc=0.22
M=2
y parameter on Skin friction.
5 6 7 8 9 10
M
Pr=0.71,
k=1
Sc=0.22
M=2
tion parameter on Skin friction.
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0
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N
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Figure 11 Effects of radiation parameter on Nusselt number.
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Figure 12 Effect of Schmidt number on Sherwood number.
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Figure 13 Effect of chemical reaction parameter on Sherwood number.
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Table 1 Comparison of obtained results with the existing results of Mahapatra et al. [26], in the absence of radiation and MHD on
velocity ﬁeld.
Results of Mahapatra et al. [26] Results of the present study
y Sc= 0.22 Sc= 0.60 Sc= 0.78 Sc= 0.22 Sc= 0.60 Sc= 0.78
0.0 1.5235 1.4355 2.5366 1.5205 1.4357 2.5368
0.2 1.4599 1.4846 2.1825 1.4601 1.4850 2.1830
0.4 1.4165 1.5527 2.0289 1.4168 1.5526 2.0294
0.6 1.3852 1.6429 2.0030 1.3850 1.6431 2.0029
0.8 1.3612 1.7612 2.0645 1.3610 1.7611 2.0642
1.0 1.3418 1.9109 2.1920 1.3417 1.9108 2.1919
2.0 1.1972 3.3709 3.5184 1.1971 3.3709 3.5184
1368 M.C. Raju et al.number and keeping the other parameters ﬁxed and these
results are presented in Table 1. The results of this comparison
are found to be in good agreement.
5. Conclusions
In this paper we have studied the effects of chemical reaction
and radiation on MHD free convection ﬂow through a porous
medium bounded by a vertical surface. In the analysis of the
ﬂow the following conclusions are made:
i. The velocity of a ﬂuid increases with the permeability
parameter k and decreases with the increase in magnetic
parameter M, radiation parameter F.
ii. A generative reaction (k0 < 0) increases the ﬂuid ﬂow
velocity, whereas a destructive reaction (k0 > 0) reduces
it.
iii. In most cases the velocity attains a maximum near the
surface and there after decreases.
iv. Temperature decreases with the increase magnetic
parameter, radiation parameter.
v. Concentration decreases with an increase in chemical
reaction parameter.
vi. Nusselt number increases with the increase in radiation
parameter F.
vii. Skin friction decreases with an increase in k0, where as it
shows reverse effect in the case of Gr and Gm.
viii. Sherwood number (Sh) increases with an increase in
Schmidt number and chemical reaction parameter.
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